Caspases are considered to be the key effector proteases of apoptosis. Initiator caspases cleave and activate downstream executioner caspases, which are responsible for the degradation of numerous cellular substrates. We studied the role of caspases in apoptotic cell death of a human melanoma cell line. Surprisingly, the pancaspase inhibitor zVAD-fmk was unable to block cleavage of poly(ADP-ribose) polymerase (PARP) after treatment with etoposide, while it did prevent DEVDase activity. It is highly unlikely that caspase-2, which is a relatively zVAD-fmk-resistant caspase, is mediating etoposide-induced PARP cleavage, as a preferred inhibitor of this caspase could not prevent cleavage. In contrast, caspase activation and PARP degradation were blocked by pretreatment of the cells with the serine protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF). We therefore conclude that a serine protease regulates an alternative initiation mechanism that leads to caspase activation and PARP cleavage. More importantly, while zVAD-fmk could not rescue melanoma cells from etoposide-induced death, the combination with AEBSF resulted in substantial protection. This indicates that this novel pathway fulfills a critical role in the execution of etoposide-induced programmed cell death.
Introduction
Apoptosis is crucial for homeostasis and development in various organisms, whereas its inhibition via the accumulation of mutations is considered a prerequisite for the generation of malignant tumors. Apoptosis is executed by specialized proteases, called caspases, which cleave downstream caspases and numerous other cellular substrates. 1 Two major pathways of apoptosis initiation have been described: the extrinsic and intrinsic pathways. The extrinsic pathway is used by death receptor ligands, for instance CD95 ligand or tumor necrosis factor a (TNFa), which induce the activity of the initiator caspase-8. 2 The intrinsic pathway is crucial for the induction of apoptosis by other types of stress, for example irradiation or chemotherapeutic drugs. These triggers lead to the release of apoptogenic factors, such as mitochondrial cytochrome c, into the cytosol. Released cytochrome c complexes to Apaf-1 and caspase-9, inducing its oligomerization and activation in a so-called 'apoptosome'. 3 Active caspase-9 is capable of activating the executioner caspase-3, which in turn leads to the activation of other downstream caspases and the cleavage of cellular substrates.
However, caspase-9 and Apaf-1 are not essential for downstream caspase activity under all circumstances, because irradiated Apaf-1 or caspase-9 null thymocytes still display residual DEVD and PARP cleavage activity. 4 Moreover, cell death itself is only marginally affected in these 'apoptosome-deficient' cells, suggesting that an apoptosomeindependent caspase activation program exists. Apoptosis in the absence of the apoptosome appears to depend on caspase activity. Caspase-1 and -7 are candidates for directly activated caspases that are upstream of or bypass mitochondria and employ the apoptosome merely to amplify the caspase cascade. 4 In addition, caspase-2 is recruited to a large protein complex in which it becomes active, and this process occurs in the absence of Apaf-1 oligomerization as well. 5 The role of caspase-2 in cell death upstream or downstream of the mitochondria is, however, greatly disputed. 6 This is largely due to the fact that neither the actual activation nor the substrates have been identified.
Melanomas are characterized by early metastasis and extremely poor response to chemo-and radiotherapy. It is remarkable that p53 is rarely mutated in melanoma, 7 while p53 mutations occur often in other aggressive and chemoresistant tumors. It has been proposed that the mechanism underlying melanoma resistance is the loss of Apaf-1 expression, as this mutation is commonly found in metastatic melanoma and correlates with resistance to the induction of an apoptotic program. 8 Another explanation for melanoma resistance is the deregulation of the protein Survivin, a member of the inhibitor of apoptosis protein (IAP) family. This protein is strongly expressed in malignant melanoma 9 and reported to bind to and inhibit effector caspase-3 and -7, ML-IAP/Livin, 13, 14 and XIAP (LP, unpublished observations) are expressed at higher levels in melanoma cell lines than in normal melanocytes. Together, these observations suggest that the therapy resistance of melanomas is due to defects in the pathways downstream of or parallel to mitochondrial release.
Previously, we have shown that melanoma cell line IGR39D, which does not express functional p53, can be sensitized to diverse cell death triggers by expression of the cMyc oncoprotein (LP et al., submitted for publication). Activation of caspase-3, cleavage of PARP, DNA laddering and membrane blebbing indicate that this death occurs through an apoptotic process. In this report, we studied whether the pancaspase inhibitor zVAD-fmk could reverse the apoptotic program in these melanoma cells after triggering with DNA damage inducers or with the death receptor ligand TNFa. Although zVAD-fmk effectively blocked the DEVDase activity after apoptotic treatment of these cells, no effect was observed on the classical caspase substrate PARP. This result suggests that a zVAD-insensitive protease was able to induce the cleavage of PARP. Here, we describe a novel pathway that is induced upon several stress signals. This pathway is initiated by a serine protease that mediates the activation of downstream caspases and PARP cleavage.
Materials and Methods

Cell lines
The melanoma cell lines, neuroblastoma cell line IMR32 15 and the rat fibroblast cell line 16 Rat-1/c-MycER TM were cultured in DMEM supplemented with glutamine, penicillin/streptomycin and 8% heat-inactivated fetal calf serum at 371C. Human melanoma cell line IGR39D, its stable cmyc transfectant IGRmyc clone 3 (IGRmyc-3) and 603 are described elsewhere. 17 Rat-1/c-MycER TM cells were used in the absence of 4-hydroxytamoxifen.
Irradiation and other treatments
Where indicated, exponentially growing cells were treated with 10 mg/ml etoposide (VP16, Bristol-Myers Squibb, New York, NY, USA) or 50 ng/ml TNFa (Boehringer Ingelheim, Germany) or ionizing radiation for the indicated time periods. Irradiation was performed in 9-cm dishes or six-well plates at room temperature using a 6-MV linear accelerator at a dose rate of 4 Gy/min. Doses were given in a single fraction of 8 Gy. After irradiation, dishes were immediately returned to the incubator. Pretreatment with zVAD-fmk (Bachem, Bubendorf, Switzerland), zVDVAD-fmk (Enzyme Systems Products, Livermore, CA, USA) or AEBSF (Sigma) was performed for 60 min before application of the apoptotic triggers.
Western blotting
Adherent and nonadherent cells were collected together and washed twice with PBS. Whole-cell lysates were prepared by lysis of the cell pellets in cold lysis buffer consisting of 0.2 M triethanolamine, 0.14 M NaCl, 0.5% NP-40, 0.2% sodiumdeoxycholate or in CHAPS lysis buffer, 18 with freshly added 1 mM PMSF and 1 mM leupeptin. After clearing the lysate by highspeed centrifugation, protein concentrations were determined by a modified Bradford method. 19 Equal amounts of total protein were resolved on SDS-PAGE gels and blotted on Hybond-P (Amersham, Uppsala, Sweden). Ponceau S stainings were performed to verify protein quantities. Membranes were blocked with 5% nonfat dry milk in 20 mM Tris-HCl pH 7.6, 137 mM NaCl and 0.2% Tween-20 (TBS-T) for 1 h. Primary antibody incubations were carried out in 1% milk/TBS-T for 2 h and followed by three washes with TBS-T. Membranes were incubated with appropriate anti-mouse or anti-rabbit IgG horseradish peroxidase conjugates (Amersham) for 1 h, washed three times and developed using ECLplus reagents (Amersham). The antibodies used were rabbit polyclonal antibodies recognizing human PARP (9542, New England Biolabs, Beverly, MA, USA) at 1 : 3000 and cleaved human caspase-3 (9661, New England Biolabs) at 1 : 1000.
Survival analyses
Cell death was determined using propidium iodide (PI) uptake. For these experiments, floating and adherent cells were collected as described above. Cells were incubated for 5 min at room temperature with 1 mg/ml PI in PBS containing 0.5% BSA and 0.1% sodium azide. After this incubation, cells were analyzed for PI positivity on a FACScalibur R (BD-Biosciences, Erembodegem, Belgium). Cell survival was determined with clonogenic survival assays. Cells were treated with etoposide for 3 h in the absence or presence of the inhibitors 10 mM zVAD-fmk and 200 mM AEBSF. Culture medium was refreshed and the cells were incubated for 1 week with or without inhibitors. Cells were washed, fixed and stained with 5% Giemsa stain.
Substrate cleavage assays
For the DEVD and VDVAD cleavage assays, lysates were prepared from pooled adherent and nonadherent cells in CHAPS lysis buffer. 18 Caspase activity in these samples was assayed by measuring the release of 7-amino-4-trifluoromethyl-coumarin (AFC) from DEVD-or VDVAD-containing peptides. 18, 20 The in vitro PARP cleavage assays were performed by incubating 20-ng aliquots of recombinant human PARP (Alexis, Montreal, Canada) in caspase cleavage buffer 18 for 1.5 h at 301C with increasing concentrations of recombinant human caspase-3 or caspase-2 (R&D Systems, Minneapolis, MN, USA) in the presence or absence of 1 ml 10 mM DEVD-AFC or VDVAD-AFC peptide, respectively. The release of AFC in the AFC-containing reactions was measured in a multilabel counter 18 and the cleavage of the added PARP in the matching reactions was determined by Western blotting.
Results
Etoposide-induced PARP cleavage in melanoma cells occurs independently of zVAD-fmk-sensitive caspases
We have previously shown that treatment of melanoma cell line IGRmyc-3 with various DNA-damaging triggers, ER stress inducers, heat shock or TNFa leads to the onset of an apoptotic program characterized by activation of caspase-3 and cleavage of its substrate PARP (LP et al., submitted for publication). To establish whether a pancaspase inhibitor could rescue these cells from DNA damage-induced apoptosis, we pretreated the cells with zVAD-fmk and measured PARP cleavage and DEVDase activity. Although all caspases are able to cleave DEVD-afc to some extent, it is the preferred substrate of caspase-3 and -7, which can both cleave PARP. [21] [22] [23] Surprisingly, we observed that etoposide-induced PARP cleavage could not be inhibited with 10 mM zVAD-fmk, as analyzed by Western blotting (Figure 1a ). In the untreated cell cultures, there are always some dying cells because of general culture stress, resulting in some cleavage of PARP in the control samples. Cell detachment and membrane blebbing, as visualized by microscopy, confirmed that the cells demonstrated characteristics of an apoptotic process in the presence of zVAD-fmk (Figure 1b) . To confirm that the inhibitor was indeed functional under these conditions, we measured DEVDase activity and observed a complete inhibition when the cells were pretreated with 10 mM zVAD-fmk ( Figure 1c ). Similar data were obtained when these cells were treated with irradiation (data not shown), suggesting that this human melanoma cell line dies by an apoptotic program that is independent of DEVDase activity. Moreover, PARP cleavage occurs at least to a large extent by a zVADfmk-insensitive protease under these conditions.
Caspase-2 is not responsible for the cleavage of PARP
Caspase-2 has been reported to be fairly insensitive to zVAD-fmk. 24 Since caspase-2 is suggested to cleave PARP 25 and can act as an initiator caspase, 26 we analyzed whether caspase-2 is responsible for PARP cleavage in this melanoma cell line using several strategies. First, we determined the ability of recombinant active caspase-2 to cleave recombinant PARP by in vitro incubation. As expected, control incubations of PARP with active recombinant caspase-3 resulted in effective processing of PARP even at low concentrations of the enzyme. However, to our surprise, caspase-2 was unable to cleave PARP in vitro under the same conditions, while at the same time processing of the VDVAD substrate under the same conditions was clearly observed (Figure 2a ). This experiment indicates that recombinant caspase-2 is not a PARPase in vitro, yet does not exclude a role for caspase-2 in etoposide-induced PARP cleavage in vivo. To analyze the involvement of caspase-2 further, we blocked caspase-2 activity in vivo by using the inhibitor zVDVAD-fmk which is able to inhibit caspase-2, -3 and -7 with similar efficiencies. Moreover, pretreatment of the cells with 10 mM zVAD-fmk, the pancaspase inhibitor that was unable to prevent PARP cleavage, resulted in a complete block of the VDVADase activity (Figure 2c ). This suggests that either caspase-2 is sensitive to this concentration of zVAD-fmk or that the VDVADase activity measured in these cells reflects the activity of other caspases. These experiments thus make it very unlikely that caspase-2 plays a role in PARP cleavage in this cell line.
A serine protease inhibitor abolishes DNA damage-induced apoptosis As etoposide-induced PARP cleavage in the human melanoma cell line IGRmyc-3 appears caspase-independent, we hypothesized that a distinct protease is responsible for the cleavage of cellular substrates. Therefore, these cells were pretreated with the potent serine protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), which acts by sulfonylation of the serine residue at the active site. 27 We monitored the appearance of the cleaved PARP fragment on Western blots. In contrast to zVAD-fmk, pretreatment with AEBSF prevented etoposide-induced cleavage of PARP (Figure 3a , upper panel), suggesting that a serine protease is involved in the cascade that leads to PARP processing. Importantly, the observed etoposide-induced PARP cleavage is not due to postlysis effects, but occurs in intact cells as cell lysates prepared by immediate boiling in SDS buffer display identical levels of PARP cleavage (data not shown).
Activation of caspase-3 is achieved through a two-step process. The first cleavage results in p12 and p20 subunits, while the second step is a further processing of this p20 subunit to the p17 subunit. 28 The latter This result underscores the observation that zVAD-fmk prevented caspase activity, because it blocked autoprocessing to the p17 subunit in our system ( Figure 1c ). Nevertheless, we did observe the appearance of the p20 subunit indicating that the initial cleavage of caspase-3 occurred in the presence of a pancaspase inhibitor in these cells (Figure 3a) . Interestingly, the serine protease inhibitor AEBSF also blocked this initial caspase-3 processing ( Figure 3a) and DEVDase activity (Figure 3c , left), and thus seems to act upstream of caspase-3 activation. To determine whether the protective effect of AEBSF was restricted to etoposide-induced apoptosis, we treated these cells with irradiation. Irradiation-induced PARP cleavage in these melanoma cells could be prevented by AEBSF (Figure 3b, upper panel) . Cleavage of PARP triggered by the ER stress inducer Brefeldin A could also be partially blocked (data not shown), suggesting that the involvement of a serine protease in the apoptotic process is not limited to DNA damage-induced apoptosis. On the other hand, cleavage of PARP and caspase-3 caused by the death receptor ligand TNFa could not be inhibited by AEBSF (Figure 3b, lower panel) . In agreement with this finding, DEVDase activity induced by TNFa was insensitive to AEBSF (Figure 3c, right) . This result confirmed the observation that AEBSF is not a general inhibitor of caspases. 29, 30 In agreement, when added directly to the lysates or to recombinant caspase-3, AEBSF was not able to inhibit the DEVDase activity in vitro, in contrast to zVAD-fmk (data not shown). These results indicate that the DEVDase activity in these cells is inhibited indirectly by AEBSF and suggests that AEBSF acts upstream of caspase-3.
Inhibition of serine protease and caspase activity rescues etoposide-treated cells
Activation of caspases and cleavage of several caspase substrates are intrinsic to the execution of apoptosis. However, inhibition of these events using caspase inhibitors does not always lead to the protection from death.
31-34 Also here we find that etoposide-induced blebbing of the melanoma cell was hardly affected by addition of zVAD-fmk. The observation that a serine protease acts upstream of caspase activation may explain this phenotype as this protease activity may circumvent the need for caspase activity and still effectively induce cell death. To analyze the effects on cell death in more detail, we therefore set out to determine the membrane integrity of the melanoma cells upon treatment with etoposide. We measured the capacity of the treated cells to exclude PI. Etoposide induced clear loss of membrane integrity already after 16 h (data not shown) and this loss increased over time. At 24 h, PI uptake amounted to 33% over background and to 46% at 32 h. Importantly, zVAD-fmk pretreatment had the capacity to initially prevent this cell death to some extent, but this effect was lost at later time points, suggesting that the inhibition of caspase activity by zVAD-fmk is not sufficient to prevent cell death. We also analyzed the effect of AEBSF pretreatment on cell survival. Unfortunately, this analysis was hampered by the fact that AEBSF itself showed some toxicity, especially at higher concentrations (10-20% cell death). We therefore decided to use declining concentrations of AEBSF to circumvent this side effect. Treatment of cell with 100 mM AEBSF resulted only in marginal toxic effects (5-10% cell death). Nevertheless, this concentration of AEBSF already significantly protected the cells from etoposide-induced death ( Figure 3D ). This effect increased steadily with increasing concentrations of AEBSF. More importantly, zVAD-fmk together with AEBSF clearly displayed an additive effect. The combination of zVAD-fmk with 100 mM AEBSF almost completely blocked PI uptake, which was back to background levels when zVAD-fmk was used together with 200 mM AEBSF, even at 32 h (Figure 3d ).
These data thus suggest that AEBSF in concert with zVAD-fmk can induce survival. In order to determine whether etoposide-treated cells would indeed survive for longer periods of time, we performed clonogenic survival assays. Cells were treated with etoposide in the absence or presence of the inhibitors. After 1 week of incubation, hardly any cells were observed in the etoposide-treated sample, indicating that almost all had Figure 2 Caspase-2 is not responsible for the PARP cleavage observed during etoposide-induced apoptosis. (a) 20-ng aliquots of recombinant human PARP were incubated in caspase cleavage buffer with increasing concentrations of active recombinant human caspase-3 or -2 as indicated. Cleavage of PARP was determined on Western blot. In matching reactions, the caspase-3 and -2 activity was measured using DEVD-AFC or VDVAD-AFC, respectively. (b) IGRmyc-3 cells were left untreated (À) or treated ( þ ) with etoposide for 24 h in the absence or presence of 10 mM zVAD-fmk or of the indicated concentrations of zVDVAD-fmk (mM). CHAPS cell lysates were prepared and PARP cleavage was determined by Western blotting. VDVDADase activity in the same lysates was determined using the AFC-labelled substrate. (c) VDVADase activity was measured in VDVAD cleavage assays of lysates prepared from IGRmyc-3 cells after treatment with etoposide for the indicated time periods in the absence or presence of 10 mM zVAD-fmk. The figure is representative for three independent experiments succumbed to the toxic effects of etoposide (Figure 3e ). The addition of 10 mM zVAD-fmk could not permanently rescue the cells. Even though after shorter periods 200 mM AEBSF could protect the cells against etoposide (Figure 3d ), at later time points this protection was no longer observed. This suggests that the toxic effect of AEBSF prohibits the longterm survival. However, incubation of the cells in the presence of both inhibitors resulted in the appearance of many small colonies, suggesting that these cells do not only survive but also regain their proliferative capacity. Of course, the amount of cells seen in the wells is far less as in the untreated samples as the latter ones have not experienced the DNAdamaging effects of etoposide and thus did not need to repair the damage before cycling (Figure 3e, left panel) . Moreover, an effect of AEBSF on the cell cycle has been reported as well (Stefanis et al. 40 and data not shown). Nevertheless, as small colonies are observed, the long-term effect of the combined inhibitors clearly permits continuing proliferation of the cells (Figure 3e) .
These results indicate that inhibition of the serine protease activity in combination with inhibition of caspases is sufficient to extend survival of these melanoma cells for longer time periods after treatment with the potent cytotoxic drug etoposide.
AEBSF prevents apoptosis in several cell types
To establish whether etoposide-induced PARP cleavage in other melanoma cell lines can be abolished by pretreatment with AEBSF, we analyzed the cleavage of PARP in IGR39D, the parental cell line of IGRmyc-3, and in melanoma cell line 603, which also shows some sensitivity to etoposide (Figure 4a ). The protective effect of AEBSF was not restricted to IGRmyc-3, as this inhibitor could prevent PARP cleavage in the parental cell line IGR39D as well. However, it is clear that the effect of AEBSF was not found in all cell lines, as AEBSF failed to inhibit PARP cleavage in the less susceptible melanoma cell line 603. Importantly, we also found that etoposide-induced PARP cleavage in the human neuroblastoma cell line IMR32 could be blocked by AEBSF (Figure 4a ), indicating that the protective effect of AEBSF is not limited to melanoma cells. In addition, we determined whether substrate cleavage and caspase activation in a rat fibroblast-derived cell line could be blocked by pretreatment with AEBSF. Analysis of etoposide-treated rat fibroblasts demonstrated that PARP cleavage as well as DEVDase activity were completely blocked by this serine protease inhibitor (Figure 4b) . Together, these data indicate that a serine protease plays an important role in DNA damage-induced apoptosis in various cell types.
Discussion
Caspase-independent initiation of apoptosis
In this study, we characterized certain proteolytic events that are responsible for apoptotic cell death induced by DNA damage in human melanoma cells. In IGRmyc-3 cells, caspase-3 is processed and activated during apoptosis. As expected, DEVDase activity was abolished by pretreatment with the pancaspase inhibitor zVAD-fmk. Nevertheless, these zVAD-fmk-treated cells still demonstrated membrane blebbing, which has been reported previously. 31 Intriguingly, we found that in the absence of DEVDase activity, PARP was still cleaved into a fragment of approximately 85 kDa, a phenomenon that to our knowledge has never been reported before. Only in the case of necrosis in Jurkat cells, PARP is processed in the presence of zVAD-fmk, but this processing results in other fragments than we observed in this study. 35 Therefore, the question is raised as to which protease was responsible for the observed PARP cleavage.
It has been reported that in COS cells overexpression of caspase-2, which is proposed to be relatively zVAD fmk-insensitive, 24 leads to cleavage of PARP. 25 Recent studies demonstrate caspase-2 as an initiator caspase upstream of the mitochondria. 26, 36, 37 However, we provide evidence that indicates that caspase-2 is not responsible for initiating the apoptotic program in IGRmyc-3 cells. Whereas VDVADase activity, reflecting the activity of caspase-2, -3 and -7, was blocked by pretreatment with zVDVAD-fmk, 23 this inhibitor did not affect the etoposide-induced cleavage of PARP. Furthermore, we demonstrated that zVAD-fmk was able to block the zVDVADase activity, suggesting that caspase-2 is either sensitive to the concentration of zVAD-fmk we used or that the zVDVADase activity in these cells does not reflect the activity of caspase-2, but the activity of caspase-3 or -7. Therefore, we exclude a role for caspase-2 in PARP cleavage in etoposide-treated IGRmyc-3 cells. Our observations are in agreement with O'Reilly et al., 38 who concluded that caspase-2 is not essential for apoptosis in all cell types, because thymocytes and neuronal cells derived from caspase-2-deficient mice die normally in response to a broad range of apoptotic stimuli. Despite these data, a definite exclusive answer on the role of caspase-2 cannot be given as both the mode of activation and the identity of physiological active caspase-2 are unknown. Like other initiator caspases, caspase-2 may be activated by induced proximity. Whether such a caspase-2 apoptosome displays different substrate specificity compared to cleaved caspase-2 product will need to be determined and an effect of AEBSF on this activity is at this point pure speculation but cannot be formally excluded.
Another initiator caspase, caspase-9, is also very unlikely to be the PARPase in our system, as the etoposide-induced LEHDase activity is completely blocked by zVAD-fmk pretreatment (data not shown). We therefore suggest that the apoptotic pathway in IGRmyc-3 can be initiated independently of caspase activity.
Involvement of a serine protease in apoptotic cell death
There are several indications that the mitochondrial pathway is not functional in IGRmyc-3 cells. It has been proposed that melanoma cells often exhibit downregulated Apaf-1 expression, leading to a defect in the apoptotic pathway downstream of the mitochondria and resistance of the cells to apoptosis-inducing triggers. 8 Although the Apaf-1 expression in IGRmyc-3 is not downregulated as compared to melanocytes, the expression of caspase-9 is relatively low and there is abundant expression of XIAP (unpublished observations). In line with these observations, we were unable to substantiate a role for cytochrome c release and the activity of the apoptosome during DNA damage-induced apoptosis in IGRmyc-3 melanoma cells (unpublished observations), suggesting that the mitochondrial pathway is not involved in these cells. Interestingly, Marsden et al. 4 recently demonstrated that apoptosis is only slightly delayed in Apaf-1-and caspase-9-deficient cells and conclude that in these cells, the apoptosome is not essential for apoptosis. The lack of involvement of the apoptosome pathway in the initiation of DNA damageinduced apoptosis in IGRmyc-3 cells leads us to hypothesize that, in these cells, apoptosis is mediated by an alternative pathway. This study supports this hypothesis, demonstrating that pretreatment with the serine protease inhibitor AEBSF affected the first cleavage step of caspase-3 activation and the cleavage of PARP induced by DNA-damaging agents. Moreover, in combination with zVAD-fmk, AEBSF rescued these cells from etoposide-induced death and even allowed clonogenicity. Based on the observation that AEBSF could not rescue IGRmyc-3 from TNFa-induced apoptosis, we conclude that the serine protease is not essential for at least this, and possibly other forms of, death receptortriggered apoptosis. AEBSF is therefore not a general inhibitor of caspases or of apoptotic manifestations. This result is in agreement with previous observations that AEBSF can inhibit Bin-1-mediated apoptosis, but fails to block apoptosis induced by Fas activation, granzyme B, 29 or staurosporin. 30 In contrast, TNFa-induced apoptosis of human gastric adenocarcinoma cells is inhibited by AEBSF, 39 suggesting that the effect of AEBSF is cell line dependent.
Importantly, the activation of apoptosis by an AEBSF-sensitive serine protease is not restricted to IGRmyc-3, a melanoma line that is sensitized by c-Myc. Similar observations were made in the parental, nontransfected cell line IGR39D. Moreover, the neuroblastoma cell line IMR32 and a rat fibroblast line were also shown to be protected from etoposide-induced PARP cleavage and DEVDase activity by AEBSF. Nevertheless, AEBSFinduced protection is cell line dependent, as another melanoma line failed to show inhibition of their apoptotic program. Clarification of the cell type specificity of this inhibition could yield crucial insight into the mechanism of serine protease-induced apoptosis.
The suppression of cell death by AEBSF has been described in earlier publications, in which the AEBSF-sensitive serine protease is placed upstream of caspase activity. 29, [39] [40] [41] [42] The inhibition of apoptotic features 29, 39 and the cleavage of PARP by PC12 lysates 40 is suggested to be the result of blocking caspases by AEBSF or via inhibition of the function of p53. 42 We, however, demonstrated that PARP is cleaved in the absence of DEVDase activity and functional p53. AEBSF is able to block both the DEVDase activity and the cleavage of PARP. We therefore suggest that AEBSF blocks a serine protease that functions upstream of caspases and can also bypass the zVAD-sensitive caspases in the cleavage of PARP. More importantly, we show that this pathway is highly relevant for melanoma cell death induced by several treatments as its incidence kills cells effectively independently of caspases, while its absence allows the cells to survive. As such, a better understanding of this protease may provide new effective ways to treat tumors.
Alternative death pathways
Several protease activities, other than caspases, have been implicated during apoptosis in different systems. For example, cathepsins and calpains, which are cysteine proteases (reviewed by Leist and Jaattela 43 ), and the serine proteases Granzyme B and HtrA2/Omi have been shown to modulate or even initiate an apoptotic cascade. In some cell types, release of cathepsin B from the lysosomal compartment is critically important for TNFa-induced apoptosis. 44, 45 Once released, cathepsin B activates the caspase machinery, followed by the induction of cell death. Importantly, this pathway can be inhibited effectively using CA-074Me, 46 a highly specific cathepsin B inhibitor. This observation prompted us to determine whether cathepsin B was the protease involved in our melanoma system. However, CA-074Me failed to reduce etoposide-induced PARP cleavage in our cells (unpublished observations), suggesting that another protease mediates this cleavage.
Granzyme B, which can induce cell death via cleavage of Bid and caspase-3, -7 and -8, [47] [48] [49] [50] is not expressed by these cells. Waterhouse et al. 51 previously described a role for calpain in irradiation-induced apoptosis and suggested that activation of this protease leads to cleavage of fodrin as well as caspases. We attempted to analyze the effect of the conventional calpain inhibitor I 52 in our system, but the inhibitor had severe toxic side effects on the melanoma cells (data not shown). This result clearly indicates an important role for calpains in survival, but on the other hand does not exclude a role for calpain activity in apoptosis.
The serine protease HtrA2 is released from the mitochondria during apoptosis and sequesters XIAP, thereby allowing caspase activation to occur. Besides its XIAP-binding activity, HtrA2 contains a serine protease activity that by itself can induce cell death. [53] [54] [55] [56] Although these findings would propose HtrA2 as a candidate apoptogenic molecule, transfection experiments with full-length as well as processed HtrA2 in IGRmyc-3 indicated that overexpression of this protease did not induce nor accelerate cell death in these melanoma cells (unpublished observations). Taken together, these data point to the presence of yet another serine protease activity, inhibition of which rescues from apoptotic cell death, but formal proof for this idea will be provided by the identification of the protease involved. We are currently pursuing this question.
In conclusion, our data demonstrate that an AEBSF-sensitive protease is central to the initiation of apoptosis in several cell types. This protease might be placed on top of the caspase activation cascade and regulates Rat fibroblast-derived cells were treated with etoposide with or without pretreatment with 400 mM AEBSF and lysed in CHAPS buffer at the indicated time points. Cleavage of PARP was determined by Western blotting. DEVDase activity in the same rat fibroblast lysates was determined using the substrate DEVD-AFC the cleavage of PARP independently of caspases. Although the exact mechanism by which this protease mediates cell death remains to be determined, our data provide convincing evidence for an alternative pathway by which cells can undergo apoptosis.
